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Revising the Proton Affinity Scale
of the Naturally Occurring -Amino Acids
Christian Bleiholder, Sándor Suhai, and Béla Paizs
Department of Molecular Biophysics, German Cancer Research Center, Heidelberg, Germany
The proton affinities (PA) of the 20 naturally occurring -amino acids (AA) have been
determined computationally by means of density functional theory (DFT) and high-level
G2(MP2) calculations. These theoretical PAs, together with data that have appeared since 1997
in the literature, are used to validate the most reasonable currently available PA scale for AAs
(Harrison, A. G. Mass Spectrom. Rev. 1997, 16, 201–217.). Significant scatter is observed for the
PAs of Ser, Asp, Phe, Asn, Met, Pro, Gln, Glu, Trp, His, Lys, and Arg, many of which have a
basic side-chain functionality. Critical review of the available data leads to new consensus PAs
for Asn, Gln, Met, and Arg of 222.4, 230.5, 223.7, and 250.2 kcal/mol, respectively. (J Am Soc
Mass Spectrom 2006, 17, 1275–1281) © 2006 American Society for Mass SpectrometryProtonation energetics of the naturally occurringamino acids (AA) is of current interest because ofthe importance of proton transfer (PT) reactions
in biological systems [1]. Recently, the PAs of amino
acids, small peptides, and their derivatives have been
successfully used [2–7] to explain some fragment ion
abundance relationships in the low-energy tandem
mass spectra of protonated peptides. Considering ap-
propriate PAs, one can often predict whether the N- or
the C-terminal fragment remains charged upon disso-
ciation of the respective parent ions [2]. These predic-
tions require, however, good quality PA data for the
fragments involved.
The literature on the protonation chemistry of AAs
and small peptides was reviewed by Harrison [8] who
introduced the recently available, most consistent gas-
phase basicity (GB) and proton affinity (PA) scales for
AAs. Harrison used the following strategy [8] to com-
pile his list. First, he critically evaluated the available
literature data on gas-phase basicities of AAs since most
of the existing experimental techniques address primar-
ily GBs and not PAs. Then eq 1,
PAGBTSGBT(SvibSrotStrans) (1)
was used to convert GBs to PAs applying appropriate
S values. Here, T is the temperature and S is the
protonation entropy. The protonation entropy can be
represented as a sum of three terms, involving entropy
changes caused by loss of translational (Strans), rota-
tional (Srot), and vibrational (Svib) degrees of free-
dom, whereby the Svib term is usually neglected (for
more details, see reference [8]).
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are determined from variable-temperature equilibrium
measurements [8]. Such studies have been performed
only for Gly, Ala, and Pro; the results suggest that the
S term is dominated by the loss of translational
entropy of the free proton for these AAs (S  Strans;
Srot  0) [9]. In other words, for those amino acids for
which no extra strong H-bond is introduced in the
protonated species, S resulting from changes of the
rotational degrees of freedom is negligible (Srot  0).
The term Strans can be readily approximated by the
Sackur-Tetrode equation (for details see reference [8]),
which gives TStrans of 7.8 kcal mol
1 for T  298 K.
The Srot  0 approximation is definitely not valid
for AAs containing strongly basic side chains like Lys or
Arg, for which a strong intramolecular H-bond is intro-
duced in the protonated species (for example,
H2N
H. . .NH2 for protonated Lys). These strong
hydrogen bonds freeze rotational degrees of freedom in
the protonated species that can be considered free in the
neutral molecules, thus leading to a negative rotational
entropy (Srot  0). The magnitude of Srot for AAs is
mostly approximated by considering similar molecules
for which data from variable temperature equilibrium
experiments are available. For example, Harrison ap-
proximated Srot(Lys) using Srot(1,5-diaminopentane)
at 20 cal mol1 K1 [10]. Unfortunately, no experi-
mental or theoretical information on Srot for Arg, Gln,
Asn, etc. is available. Harrison assumed that the rota-
tional component of S for all AAs except Lys is
negligible, although stating that this approach can in-
troduce errors in the PAs of Asn, Met, Gln, Glu, Trp,
His, and Arg.
The last decade has seen enormous advances in
computational chemistry. Introduction of new methods
such as density functional theory (DFT), extrapolation
schemes like G2(MP2), efficient algorithms and soft-
ware, and widely available hardware allows one to
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as AAs. At first sight, determination of PAs using pure
theoretical methods does not seem to be difficult. A
good approximation can be obtained if the energetics of
the most stable conformers of the neutral and proton-
ated forms of the molecule under investigation are
obtained. Practical difficulties to be faced include de-
tailed search of extremely complex conformation spaces
and performing high-level calculations for molecules as
large as Arg, His, etc. If these mostly technical problems
are successfully overcome, one can obtain rather rea-
sonable PAs, the quality of which can easily be better
than of those derived from experimental GBs using
ambiguous approximations for Srot.
In the present paper, we report on detailed scans of
the conformation spaces of the protonated and neutral
forms of the naturally occurring -amino acids using
DFT and G2(MP2) methods. (It is worth noting here that
G2(MP2) calculations are available only for Gly [11] in
the literature.) In these calculations we have used our
search engine developed specifically to deal with the
very many conformers of protonated peptides [2, 5, 7].
Analyzing our and other literature data, we point out
some inconsistencies within the current PA scale by
Harrison and indicate their possible origin. To improve
the PA scale, new values are suggested for Asn, Gln,
Met, and Arg.
Computational Details
To find the global minimum of the respective amino
acids and their protonated forms, we applied the fol-
lowing protocol. The conformation space of the proton-
ated and neutral forms of the examined AAs was
explored by simulated annealing techniques using the
InsightII program (Biosym Technologies, San Diego,
CA) in conjunction with the AMBER force field. For the
amino acids bearing basic side chains (Arg, His, Lys)
two protonation sites were checked (backbone amino
and side-chain functional group). During the dynamics
cycles, we regularly saved structures for further refine-
ment by full geometry optimization using the same
force field. In the next step of the scan, these structures
were analyzed by our own conformer family search
program. This program is able to group optimized
structures into families in which the most important
characteristic torsion angles of the molecule are similar.
The most stable species in the families were then fully
optimized at the HF/3-21G, B3LYP/6-31G(d), and fi-
nally at the B3LYP/6-31G(d,p) levels. The B3LYP/6-
31G(d,p) total energies were corrected for zero-point
vibrational energies (ZPE) determined at the B3LYP/6-
31G(d) level. The most stable structures of the neutral
and protonated forms obtained at the B3LYP/6-
31G(d,p) level were further investigated using
G2(MP2) calculations. PAs were obtained as the differ-
ence between the ZPE-corrected DFT total electronic
energies or G2(MP2) energies of the protonated and
neutral forms of AAs, respectively. For all quantumchemical calculations, the Gaussian [12] program was
used.
Results and Discussion
After publication of Harrison’s scale, Tabet et al. [13]
and Bouchoux and coworkers [14, 15] determined the
PAs of most of the amino acids by applying variations
of Cooks’ kinetic method [16, 17]. Additionally, Maksic
and Kovacevic [18] calculated AA PAs at the MP2/6-
31G(d,p)//RHF/6-31G(d) level. In 1998 Hunter and
Lias (H&L in the following) [19] published an update of
the evaluated gas-phase basicities and proton affinities
[20]. For completeness, these data are collected in Table
1. (PAs published before reference 8 are not presented
because they were discussed in detail in reference [8]).
Table 1 also contains our PA values obtained at the
B3LYP/6-31G(d,p) and G2(MP2) levels [21, 22]. (Total
energies, geometries, and graphical representations of
the most stable neutral and protonated structures are
available in the Supplementary Material section which
can be found in the electronic version of this article.)
Assessment of the Reliability of Sources
for PA Data
In evaluating the PA data of Table 1, we use Harrison’s
value as a starting point and follow a strategy that is
similar to that implemented in reference [8], e.g., all
reasonable PA values will be taken into account while
those values that appear to be out of line with other
data will be considered suspicious. Recently published
PA values that differ no more than 2.5 kcal/mol from
that of Harrison’s value will be regarded as further
support of the original value. PAs differing more than
2.5 kcal/mol from Harrison’s value will be considered
suspicious and evaluated in detail. The slightly arbi-
trarily chosen 2.5 kcal/mol range reflects the uncer-
tainties of the applied experimental and theoretical
approaches to derive PA data, and is similar to that
used in a previous work by H&L [19]. It is worth noting
here that the procedure applied by H&L [19] to derive
PA values is similar to Harrison’s strategy, however,
the latter work is better documented and the argumen-
tation to choose GB and S for a particular AA is more
underpinned. The differences between the Harrison
and H&L PAs of Ser, Glu, Trp, His, and Arg are larger
than 2.5 kcal/mol, while the other AAs show smaller
deviations. For Ser, Glu, Trp, and His, reliable new data
(see below) support Harrison’s value while for Arg we
suggest assigning a new PA (250.2 kcal/mol, see below)
that is close to the H&L value.
The datasets of Table 1 will not be considered
equally reliable. For example, Tabet and coworkers [13]
applied the simplest variant of the kinetic method
without considering entropy corrections that are neces-
sary to deal with multifunctional compounds like AAs
according to recent consensus in the community [23–
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[14] were derived from GBs determined by the reliable
thermokinetic method. However, the entropies used to
convert GBs to PAs are again taken from variable
temperature equilibrium studies on similar molecules.
Bouchoux and coworkers [15] have recently applied the
extended kinetic method to derive PAs for Gly, Asp,
Asn, His, Lys, Glu, and Gln. As pointed out by these
authors, most of their values show significant deviation
from the tabulated Harrison values for reasons which
are not at all apparent.
From the theoretical data of Table 1, we consider our
DFT and G2(MP2) PAs more reliable than Maksic’s
MP2/6-31G(d,p)//RHF/6-31G(d) values because of
two reasons. First, Maksic used the RHF/6-31G(d) level
of theory to optimize geometries of molecules with
strong and/or weak H-bonds. It is well known that
Hartree-Fock theory often poorly describes such molec-
ular systems [27]. Furthermore, no details are reported
on the neutral and protonated structures used to obtain
the final protonation energetics at the MP2/6-
31G(d,p) level of theory and the strategy employed to
scan the potential energy surfaces of these molecules.
On the other hand, our computational studies employ a
well-established search engine in the scans and our final
G2(MP2) theoretical level is no doubt more reliable than
that applied by Maksic. To summarize our discussion
on various sources of PA data listed in Table 1, we
consider Bouchoux’s thermokinetic and our G2(MP2)
Table 1. Proton affinity scales for the naturally occurring -ami
AA Harrison Hunter/Liasc Maksic
Gly 210.5 211.9 210.5
Cys 214.0 215.9 213.2
Ala 214.2 215.5 214.0
Ser 215.2 218.6 216.0
Asp 216.4 217.2 217.3
Val 216.5 217.6 215.2
Leu 217.4 218.6 216.8
Ile 218.6 219.3 216.5
Thr 219.5 220.5 217.5
Phe 219.9 220.6 223.3
Asn 220.6 222.0 223.2
Tyr 220.9 221.3 221.9
Met 221.1 223.6 221.7
Gln 222.0 224.1 233.0
Pro 222.1 220.0 221.9
Glu 223.4 218.2 225.9
Trp 223.9 226.8 220.7
His 231.5 236.1 229.8
Lys 235.6 238.0 237.8
Arg 244.8 251.2 248.6
All values in kcal/mol. Those PAs that differ more than 2.5 kcal/mol fro
aValues taken from Reference [14].
bValues taken from Reference [15].
cValues taken from Reference [19].
dThis work.
eReference [29].data as the most reliable.Evaluation of Harrison’s PA Scale
for Amino Acids
The twenty AAs can be sorted into three major groups
considering scatter of the PAs presented in Table 1. The
first group includes Gly, Cys, Ala, Val, Leu, Ile, Thr, and
Tyr for which the scatter of the individual PAs is rather
small and the recently determined values do not differ
more than 2.5 kcal/mol from Harrison’s value. It is
worth noting here that the corresponding AAs do not
have basic side-chain functionalities, thus avoiding for-
mation of strong intramolecular H-bonds upon proto-
nation. Harrison’s PAs are further supported in this
group.
The second group includes Ser, Asp, Phe, Pro, Glu,
His, Lys, and Trp for which recently determined PAs
differ more than 2.5 kcal/mol from Harrison’s value.
However, these suspicious values arose from the less
reliable sources discussed above while Bouchoux’s ther-
mokinetic and/or our G2(MP2) values clearly support
Harrison’s original PA. H&L’s PA value for Ser (218.6
kcal/mol) is 3.4 kcal/mol greater than Harrison’s value
of 215.2 kcal/mol while other data in Table 1 clearly
support the latter. H&L’s PA for Trp (226.8 kcal/mol)
and Maksic’s PA values for Phe and Trp (223.3 and
220.7 kcal/mol, respectively) differ from the other the-
oretical or experimental data, which slightly scatter
around Harrison’s original values of 219.9 and 223.9
kcal/mol, respectively. Bouchoux’s PAs derived by the
extended kinetic method for Asp and Glu (221.5 and
ids
Tabet Bouchoux DFTd G2(MP2)d
.3 211.1a,211.8b 211.4 211.8
.4 214.4 214.1
.0 213.8a 215.0 215.2
.4 216.2a 217.3 217.7
.4 221.5b 218.0 218.5
.6 217.7 218.0
.8 218.2 218.2
.4 218.7 218.8
.5 218.7 218.5
.8 220.6 219.8
.0 230.7b 224.2 222.4
.3 221.2 220.2
.7 224.0 223.7
.2 236.2b 231.9 230.5
.9,225.7e 221.3a 224.0 223.8
.3 234.7b 225.8 224.7
.8 223.8 -
.2 236.5a,238.1b 233.7 231.8
.6 237.7a,237.6b 237.3 237.1
253.3 250.2
e Harrison values are underlined.no ac
212
214
214
216
217
217
217
218
218
219
223
220
221
226
223
223
223
229
228
m th234.7 kcal/mol, respectively) and H&L’s value for Glu
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rison’s values while the other values clearly support the
latter. It is worth noting here that Marynick and co-
workers determined the PA of Glu using the MP2(full)/
6-311G(2d,p)//B3LYP/6-31G(d,p) level and apply-
ing a detailed scan of the conformation spaces of the
neutral and protonated forms [28]. Their PA at 224.4
kcal/mol further supports Harrison’s original value of
223.4 kcal/mol. For Pro, two recently determined PA
values have been determined to 225.7 [29] and 224.9 [30]
kcal/mol, respectively, which differ by more than 2.5
kcal/mol fromHarrison’s proposed value. However, all
other data in Table 1 support the original value, and we
suggest keeping Harrison’s proposed value. Tabet and
coworkers determined the PA of Lys using the simplest
version of the kinetic method and obtained 228.6 kcal/
mol. This differs significantly from Harrison’s original
value of 235.6 kcal/mol, which is supported by both
Bouchoux’s thermokinetic and our G2(MP2) values
(237.6 and 237.1 kcal/mol, respectively). Poutsma and
coworkers [31] determined the PA of Lys using DFT
calculations to be 239.9 kcal/mol that significantly
differs from Harrison’s value. We have carefully stud-
ied their best structures for the neutral and protonated
forms and found that our corresponding structures are
energetically more favored. This is especially true for
Figure 1. The energetically most stable species of [LysH] for
the (a) side-chain, (b) N-terminal amino protonated, and (c)
salt-bridge forms.the neutral form explaining our lower DFT andG2(MP2) PA values for Lys. This finding points to the
importance of thoughtful scanning of potential energy
surfaces in studies devoted to deriving PAs of multi-
functional compounds. It is worth noting here that we
have evaluated the energetics of side-chain and back-
bone amino protonated and salt-bridge (SB) type struc-
tures of [Lys––H] (Figure 1). The SB species features
protonated amino and deprotonated carboxylic groups.
Protonation at the side-chain amino group is energeti-
cally clearly favored, the relative energies of the back-
bone amino protonated and SB forms are 3.0 and 9.5
kcal/mol, respectively.
For His, the H&L and Bouchoux PA values deviate
from the other values significantly while our G2(MP2)
value (231.8 kcal/mol) clearly supports Harrison’s orig-
inal value of 231.5 kcal/mol. Bouchoux determined the
GB of His applying the thermokinetic method, and the
corresponding protonation entropy was approximated
by that of 1,3-diaminopentane. In our opinion, this
approximation is not fully correct and can lead to the
discrepancy between the thermokinetic and G2(MP2)
values. It is worth emphasizing here once more that our
energetically most favored G2(MP2) structure for pro-
tonated His (Figure 2a) is stabilized by a strong H-bond
formed by the protonated amino group and the His
side-chain. This strong H-bond freezes rotational de-
grees of freedom that are free for the neutral species
leading to a negative Srot term that should be taken
into account upon deriving the PA of His from its GB.
However, Harrison used the Srot 0 approximation to
calculate the PA of His and our G2(MP2) result sup-
ports this approach. This apparent contradiction can be
resolved by considering that His bears two nearly
equally basic protonation sites (amino and side-chain
Ns) and that the energy difference between the two
protonated forms (Figure 2a and b) is very small (0.8
and 0.05 kcal/mol at the DFT and G2(MP2) levels,
respectively). In fact, this energy difference is so small
that both protonated forms should coexist. This leads to
a positive protonation entropy term that can have a
similar magnitude to that of Srot arising from freezing
rotational degrees of freedom. Therefore, the two en-
tropy terms might actually cancel each other, providing
a plausible explanation why the Srot  0 approxima-
tion works fine for His. In summary, we further support
Harrison’s values for Ser, Pro, Asp, Phe, Glu, His, Lys,
and Trp based on the arguments described above.
Figure 2. The energetically most stable protonated His species
including backbone (a) and side-chain protonation (b).
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which some of the recently published PAs, including our
computed values, show significant deviation from Harri-
son’s original values. Harrison assigned 220.6 kcal/mol to
the PA of Asn, other values presented in Table 1 are all
higher than this including the G2(MP2) value of 222.4
kcal/mol. According to our calculations, the energetically
most favored protonated Asn species (Figure 3) is stabi-
lized by a strong NH3
. . .O¢C(NH2)-hydrogen bond
accommodated in a 6-membered ring. The structure pro-
vides good, albeit not ideal, geometrical arrangement for
this hydrogen bond (the H2N
H. . .O bond angle is
147.8°). Because of the formation of this strong H-bond,
approximation of S for Asn with the pure translational
entropy term neglecting rotational factors is most proba-
bly erroneous. Therefore, we suggest assigning our
G2(MP2) value of 222.4 kcal/mol to the PA of Asn. It is
worth noting here that Harrison has already stated the
possible short-coming of the Srot  0 approximation for
Asn. For this reason, he has provided a secondary PA
value for Asn by arbitrarily assuming Srot  10 cal
mol1 K1. This yields a PA of 223.6 kcal/mol that is in
reasonable agreement with our computational data.
Analogously, Harrison has provided secondary PA
values for Gln and Glu (Gln: 225.0 and Glu: 226.4
kcal/mol) in addition to the original values (Gln: 220.0
and Glu: 223.4 kcal/mol) by arbitrarily assuming Srot
 10 cal mol1 K1. While for Glu the original PA is
in reasonable agreement with the newer data at hand,
especially with our G2(MP2) value of 224.7 kcal/mol,
this is not the case for Gln. Here, the secondary PA
including the Srot correction is closer to the newer data
(G2(MP2) value of 230.5 kcal/mol), although an agree-
ment is not observed. These observations indicate that
rotational entropy contributions may be neglected for
Glu, but not for Gln. Moreover, it indicates that rota-
tional entropy contributions should be much larger
than the arbitrarily assigned value of 10 cal mol1
K1. For this reason, the neglect of rotational entropy
contributions, when transforming the GB of Gln to the
corresponding PA, results in severe underestimation of
the latter. As a consequence, in the Harrison PA scale
Gln is predicted to be less basic than Glu. This clearly
contradicts chemical intuition since the
NH3
. . .O¢C(NH2) hydrogen bridge is anticipated
to be much stronger than NH3
. . .O¢C(OH). This
Figure 3. Protonated Asn displaying the strong
NH3. . .O¢C(NH2) H-bond.should lead to extra stabilization of the charged aminoterminus of Gln in comparison to Glu. This apparent
inconsistency of the Harrison’s original PA scale can be
resolved by assuming the Srot 0 approximation valid
for Glu, but not for Gln. This is further supported by a
comparison of Gln and Asn. Due to the extra methylene
group, Gln offers a more ideal arrangement for hydro-
gen bonding between the protonated N-terminal amine
group and the basic side chain (Figure 4,
H2N
H. . .O bond angle of 168.7°) than does Asn
(H2N
H. . .O bond angle of 147.8°) leading to a
stronger H-bond for the former. As we have already
shown, rotational entropy contributions are important
for Asn. This indicates that for Gln rotational entropy
contributions cannot be neglected and we suggest as-
signing the PA of Gln to our G2(MP2) value of 230.5
kcal/mol.
Arg is protonated on its side chain and the charged
guanidine group is stabilized by strong H-bonds in-
volving the terminal amino and carboxyl groups (Fig-
ure 1, Supporting Information). Due to the strength of
these interactions it is expected that the Srot  0
approximation for Arg is not satisfactory. This is sup-
ported by the PA tabulated by H&L (251.2 kcal/mol),
which exceeds Harrison’s value by 6.4 kcal/mol. Con-
sidering the robust performance of the G2(MP2)
method for the other AAs, we suggest assigning the PA
of Arg to our value of 250.2 kcal/mol. Harrison’s
secondary PA given for Arg assumes Srot  10 cal
mol1 K1 and gives a PA of 248.7 kcal/mol, which is in
reasonable agreement with our G2(MP2) value. It is
worth noting here that Rak et al. [32] determined the PA
of Arg applying detailed scans of the conformation
spaces of the neutral and protonated forms and coupled
cluster calculations to derive the final protonation en-
ergetics. Their PA of 256.3 kcal/mol significantly differs
from our G2(MP2) value of 250.2 kcal/mol. While it is
not clear which reasons are responsible for this devia-
tion, we note that their method predicts an overesti-
mated PA (214.3 kcal/mol) for Gly as well. For Gly the
G2(MP2) PA (211.8 kcal/mol) is close to the PA (210.9
kcal/mol) derived from variable temperature equilib-
rium [9] experiments.
Relatively few independent PA values are available
for Met and our DFT and G2(MP2) values are clearly
larger (224.0 and 223.7 kcal/mol, respectively) than the
original Harrison value of 221.1 kcal/mol. A plausible
Figure 4. Protonated Gln displaying the strong
NH3. . .O¢C(NH2) H-bond.
1280 BLEIHOLDER ET AL. J Am Soc Mass Spectrom 2006, 17, 1275–1281explanation can be obtained by examining the struc-
tures of the most stable neutral and protonated forms
(Figure 5a and b). Neutral Met shows a relatively weak
NH2. . .S hydrogen bond while the NH3
. . .S interac-
tion in the protonated from is no doubt stronger. The
strong H-bond induces a negative Srot upon protona-
tion. Harrison’s Met PA was obtained from the corre-
sponding GB assuming Srot  0; this approximation is
most likely not valid for Met. This possible shortcoming
was anticipated by Harrison and he has given a second-
ary PA assuming Srot10 cal mol
1 K1. This yields
a PA of 224.1 kcal/mol which is in excellent agreement
with our G2(MP2) value of 223.7 kcal/mol. For this
reason, we suggest reassigning the PA of Met to our
G2(MP2) value of 223.7 kcal/mol.
Combining the new PA values of Asn, Gln, Arg, and
Met with the corresponding GBs of reference [8] tabu-
lated at 298 K, one can easily calculate Srot using eq 1.
Such calculations result in 5.9, 28.6, 18.2, and 8.8
cal K1mol1 rotational entropy for Asn, Gln, Arg, and
Met, respectively.
Conclusions
Harrison’s PA scale for AAs and corresponding data
from recent literature were reevaluated in the present
paper with the help of DFT and G2(MP2) calculations.
The available data suggest that neglect of the rotational
part of the protonation entropy term can lead to signif-
icant errors upon transforming GBs into PAs. Careful
investigation of the available PA data and analysis of
the strength of H-bonding in protonated AAs indicate
that the PAs of Asn, Gln, Met, and Arg need reassign-
ment to 222.4, 230.5, 223.7, and 250.2 kcal/mol, respec-
tively. For the other AAs, the original Harrison data are
further supported. Most notably, the Srot  0 approx-
imation is found to work reasonably for His. This
phenomenon is explained by the positive entropy term
arising from the nearly equi-energetic backbone and
side-chain protonation sites that can cancel the negative
Srot. The revised PA data suggest new protonation
entropies for Arg, Asn, Gln, and Met to be 18.2; 5.9;
Figure 5. The energetically most favored (a) neutral and (b)
protonated Met structures.28.6, and 8.8 cal K1mol1, respectively.Acknowledgments
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